Using an optimized fabrication and magnetic thermal annealing process, we have obtained a high quality β-Ta/CoFeB/MgO layered structure with strong spin-orbit coupling. We have studied electron transport, magnetotransport, and magnetic properties of this system over a wide temperature range between 5K and 300 K. We present the results of resistivity, magnetization, Giant Spin Hall Effect (GSHE), perpendicular magnetic anisotropy, and magnetic switching phase diagram. β-Ta exhibits a large spin Hall angle of 0.14, and shows evidence of spin Hall angle's scaling with resistivity quadratically. The optimized β-Ta/CoFeB/MgO system displays the lowest switching current density among similar systems. Our comprehensive study will benefit applications of GSHE in spintronics.
I. INTRODUCTION
During the last few years, Giant Spin Hall Effect (GSHE) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] has received much attention for its fundamental magnetotransport property and promising potential for spintronics applications, particularly in magnetic random access memories (MRAM), spin logics (SL), RF devices, and magneto-optical components. Solids with large atomic numbers and resistivities, such as Pt [4] [5] [6] [7] [8] , β-Ta [9] , and β-W [10] [11] [12] , exhibit a very large spin Hall angle (SHA), a key and characterizing parameter of GSHE. The metastable β forms of Ta and W display much larger intrinsic resistivities than their corresponding stable α forms. The origin of GSHE is the enhanced spin-orbit coupling (SOC), based on which the search on solids with even larger SHA continues. Recently, it has been shown that some topological insulators are capable of generating phenomenally large GSHE [13, 14] . However, transition metals with GSHE have the advantages of compatibility to semiconductor fabrication process and ability to sustain larger bulk current densities. These transition metals typically carry a SHA in the range of 0.1 to 0.4 [9] [10] [11] [12] [15] [16] [17] [18] .
A common method to study the GSHE is to use a bi-layer structure consisting of a thin film with large SOC and a ferromagnetic thin film (FM) whose magnetization (M) is perpendicular to the bi-layer, a property called perpendicular magnetic anisotropy (PMA). A normal longitudinal current density in the SOC film induces a large transverse spin current, which exerts a spin-transfer torque (STT) on the M of the FM. Above a critical current density (J c ) inside the SOC film, M switches its direction abruptly via domain wall motion, which is experimentally measured by using the Anomalous Hall Effect (AHE) of the FM layer [9, 10, 12] .
To make GSHE useful for MRAM or SL applications, J c must be reduced as much as possible by virtue of the large SHA and the interfacial match between the SOC and FM layers. A lower J c reduces power consumption and improves durability in spintronic devices.
In this paper, we conducted a comprehensive study on the electron transport, magnetotransport, and magnetic properties of the β-Ta/CoFeB/MgO system over a wide temperature range (5K-300K). The ferromagnetic thin film CoFeB has the composition of Co 40 Fe 40 B 20 . We focused our study on the unique configuration in which the CoFeB displays a robust PMA achieved under an optimal magnetic thermal annealing process. We have obtained the strength of SHA, magnetic anisotropy, magnetization as functions of temperature. We have also measured the magnetic switching phase diagram, which allowed us to observe the lowest switching current density among similar systems. Our approach shows that a systematic study on multiple properties in this type of systems is highly beneficial to the understanding of the GSHE and its spin-orbit coupling mechanism.
II. EXPERIMENTAL
We deposited a series of (t)Ta/(1)CoFeB/(1.6)MgO (thickness number in nanometer, nm) multilayer stacks on thermally oxidized Si wafers in a homemade high vacuum magnetron sputtering system with a base pressure less than 2×10 -8 Torr and Ar sputtering pressure ~2 mTorr.
The face-up sputtering guns have a diameter of 5 cm and use an NdFeB permanent magnet ring.
The target-substrate distance is 9 cm. The face-down substrates are thermally oxidized single crystal Si wafers (5-cm diameter), which rotate at about 50 rpm during deposition for achieving thickness uniformity. The off-center distance is 3 cm between the center of a substrate and that of a target. A capping layer of (1)Ta was deposited on top of the MgO layer to prevent oxidation of the metal layers from atmosphere. The growth rate of Ta was about 0.5Å/s under a DC sputtering power of 10W, and the substrates were kept at ambient temperature. The thin-film stacks were patterned using photolithography into standard Hall bars (20×55 µm 2 in area) for both Hall effect and resistivity measurements. Before measurements, the patterned samples were annealed in vacuum (1×10 -6 Torr) at different temperatures for 1 hour with two hours of ramping up and six hours of natural cooling under a magnetic field of 0.45 Tesla perpendicular to the sample planes. We used the Quantum Design ® Physical Property Measurement System (PPMS)
for magnetization and transport measurement in the temperature range of 5K to 300K. We also used a few other transport measurement instruments equipped with electromagnets for some measurements.
III. RESULTS AND DISCUSSIONS
To determine the resistivities of Ta and CoFeB films, we measured the sheet resistance (R ) of Ta/CoFeB bilayers with different Ta thickness (4 ≤ t ≤ 8 nm). The analysis on the thickness dependent data of R provides the resistivity of the Ta layer (ρ Ta ≈200 μΩ-cm) and the resistivity of the CoFeB layer (ρ CoFeB ≈100 μΩ-cm) post-annealing. The high resistivity of Ta is indicative of its β phase, as its α phase has a typical resistivity of ~50 μΩ-cm [19, 20] . Fig. 1 shows the temperature dependence of resistivities for both Ta and CoFeB layers from 5 K to 300
K. The resistivity of the CoFeB layer is weakly dependent on temperature (3% variation), ranging from 103 μΩ-cm at 5K to 100 μΩ-cm at 300 K. The resistivity of the β-Ta layer also changes little (9% variation) from 218 μΩ-cm at 5 K to 200 μΩ-cm at 300 K. Therefore, the temperature dependent electron-photon scattering is not the main mechanism for resistivity.
Disorder scattering in CoFeB, which is temperature independent, is responsible for its resistivity.
The thickness of CoFeB is only 1 nm which sets a limit on the electron mean-free-path. The as-prepared CoFeB has an amorphous structure. After post-deposition magnetic annealing, CoFeB retains some of its structural disorder as implied by its high resistivity. The slight increase in the resistivity of the β-Ta layer at low temperatures is interesting. It is not clear what the mechanism is for the resistivity upturn. Low temperature can induce lattice strain on the 4nm β-Ta thin film and change its band structure somewhat. The resistivity upturn may also be due to some thermally activated electron transport processes. It is noted that the weakly temperature dependent resistivities bode well for spintronics application with regard to thermally stable operation. However, the large resistivity in β-Ta layer does pose a challenge in that the power consumption is somewhat large in order to generate sufficient spin-polarized current using β-Ta.
In our bilayer structures, the CoFeB layer is always fixed at 1 nm which is required for surface-induced PMA. We investigated the magnetic stability of this thin CoFeB layer as a function of temperature. At 350°C, the AHE disappears due to the possible disintegration of the layered structure. Our results show that the magnetic thermal annealing has a profound influence on the magnetic quality and the PMA of the Ta/CoFeB/MgO system. It seems that a robust PMA is sustained in a well ordered Ta/CoFeB/MgO structure developed under magnetic annealing at 220°C. The asprepared sample has sharp but disordered interfaces, which are unable to support the PMA. On the other hand, higher annealing temperatures (> 220°C) are also deleterious to PMA, most likely, due to significant diffusion in the interfacial region. Our finding of the optimal annealing condition is consistent with previous study [23, 24] . From here on, we will focus on the (4)Ta/(1)CoFeB/(1.6)MgO stacks annealed at 220°C.
To measure the SHE in Ta, we measured the magnetotransport of the (4)Ta/(1)CoFeB/(1.6)MgO Hall bar according to the schematic shown in Fig. 4(a) . We applied a charge current I along the length of the Hall bar (x-axis). As a result, a spin current is generated perpendicular to the Ta layer (along the z-axis). An external magnetic field, , was switching current density at zero field is determined to be 4.2×10 6 A/cm 2 , which is much smaller than previously reported values [13, 17, 18, 27] . To achieve reliable and complete switching, a small field of B ext = 5 mT along the x-axis is sufficient.
To measure quantitatively the induced STT ( 0 ST τ ) and spin current (J s ) for a given charge current (J c ), we bring our system as shown in Fig.4(a) into the coherent spin rotation regime, where the M rotates from 90° to 0° coherently under an increasing B ext along the x-axis (see 
By solving the simultaneous equations using the combinations of (2)±(3), one obtains ] as a function of / based on the data in Fig.5(a) .
The value of in our setup is measured to be 2°. As predicted by Eqs. (4) and (5), the slopes in 
we calculated the spin Hall angle (Θ) for the 4nm-thick Ta, which is 0.11 0.01 at 300 K. The main source of Θ uncertainty is in the thicknesses of our films. Also, using Eq. (5), we obtained the magnetic anisotropy constant 0 an B , which is 260 5 at 300 K.
We have repeated the measurement and analysis over the temperature range of 5K-300K
to study the thermal effect on GSHE. Fig. 6(a) shows the SHA as a function of temperature. SHA steadily increases (27%) from 0.11 at 300K to 0.14 at 5K. In metals with spin orbit coupling, the anomalous Hall effect scales with resistivity (ρ) linearly or quadratically (ρ 2 ). The former is due to the extrinsic skew scattering and the latter due to the extrinsic side jump or intrinsic mechanism in spin-orbit coupling [28] . In metals with high resistivity, the scaling relation of Hall angle Θ ∝ρ thermal stability of the magnetic elements such as memory cells. Fig. 7(a) shows the hysteresis loops (measured as AHE resistance) between 5K and 300 K in the 90° configuration.
Robust PMA is sustained over the whole temperature range, with square-like hysteresis loops.
Between 150K and 300 K, H c is low at 10-20 Oe. Below 150 K, H c increases significantly, reaching 300 Oe at 5K. The strong temperature dependence in H c is an indication of the mechanism of thermally activated domain wall (DW) motion, which predicts the following form,
where H 0 is the coercivity at 0K and the constant a depends on the activation energy of DW motion [29] [30] [31] . Fig.7(b) shows that between 5K and 150K, Eq. (7) can account for the temperature dependence of H c in our sample. Interestingly, between 150K and 300K, there exists another mechanism for H c (~15 Oe) which is nearly independent of temperature. The weakly temperature dependent H c near room temperature is beneficial to applications.
There are two ways to extract the magnetic anisotropy constant 0 an B . The first method is given by Eq.5, in which a finite charge current is supplied to the Hall bar. In the second method, one can reduce the charge current to nearly zero. Then, Eq. (5) is reduced to / (8). 
In Eq. (9), 0 an B (T) and have been determined as shown in Fig. 8(c) and Fig. 2(b) , respectively. The thickness (t) of CoFeB is 1nm. Therefore, from Eq.(9), we can calculate , which is shown in Fig. 9 . Over the whole temperature range studied (5K-300K), K s is linearly dependent on temperature, increasing 85% from 0.84 erg/cm 2 at 300 K to 1.55 erg/cm 2 5 K. It is reported in the (2)MgO/(t)CoFeB/(5)Ta/(10)Ru layered structure, the K s is 1.03 erg/cm 2 at 300K.
[32]. The value of K s is comparable for both systems which share the same interface (MgO/CoFeB) on one side and somewhat different interface on the other side (CoFeB/β-Ta, versus CoFeB/Ta/Ru). Therefore, the MgO/CoFeB interface seems to contribute the most to the PMA (K s ). It is a coincidence that both K s (T) and M s (T) depend linearly on temperature in our layered structure. We note that M s (T) is due to the thermally excited spin waves in the confinement of a thin film, and is characterized by the exchange coupling and the dimensionality.
On the other hand, K s (T) is characterized by the spin-orbit coupling at the interfaces of a magnetic thin film.
IV. CONCLUSIONS
In conclusion, we have performed a comprehensive study on the GSHE and magnetic properties of the (4)Ta/(1)CoFeB/(1.6)MgO spin-orbit coupled system over a wide temperature range between 5K and 300 K. We have optimally annealed the system in high vacuum and in a strong magnetic field, to develop a robust perpendicular magnetic anisotropy. The spin Hall angle in Ta is very large with a value of 0.14 at 5K and 0.11 at 300 K. We have determined the magnetic anisotropy field of 0.475 T at 5K and 0.260 T at 300K. We have achieved a low switching current density of 2. "Giant Spin Hall Effect and Magnetotransport in Ta/CoFeB/MgO ..."
